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ABSTRACT 

1 A number of i n t e r p l a n e t a r y  dus t  p a r t i c l e  experiments have 
been flown on va r ious  types  of s p a c e c r a f t .  Measurements of 
dus t  p a r t i c l e  momentum, k i n e t i c  energy,  and impact damage have 
been obta ined  foam a v a r i e t y  of s enso r s .  

More than  10,000 dus t  p a r t i c l e  impacts have been measured 
from t h e  a c o u s t i c a l  and l i g h t  f l a s h  d e t e c t o r s .  A cumulative 
mass d i s t r i b u t i o n  curve v a l i d  f o r  average cond i t ions  i n  t h e  
v i c i n i t y  of t h e  e a r t h  has  been der ived  from t h e  d i r e c t  measure- 

-13 gm ments f o r  dus t  p a r t i c l e s  wi th  masses between about 10 

and / 7 L 0 7  + 4 z J -  

The r e s u l t s  of direct  measurements from va r ious  p e n e t r a t i o n  
and f r a c t u r e  experiments a r e  presented. Comparison of  t h e s e  
d a t a  wi th  t h e  average mass d i s t r i b u t i o n  curve shows no major 
d i sc repanc ie s  among t h e  measurements ob ta ined  from a l l  of t h e  
s e n s o r  systems used i n  the  d i f f e r e n t  experiments.  Two s a t e l l i t e  
experiments ,  Vanguard I11 (1959 Eta)  and Explorer  I (1958 a), 
give  evidence f o r  dus t  p a r t i c l e  s t reams.  Vanguard I11 measured 
2800 even t s  i n  a 70 hour i n t e r v a l  co inc iden t  with t h e  Leonid 
meteor shower. The average i n f l u x  r a t e  du r ing  t h e  shower was 
more than  one o r d e r  of magnitude g r e a t e r  than  t h e  non-shower 
i n f l u x  r a t e  measured on t h e  same s a t e l l i t e .  There w e r e  r a p i d  
f l u c t u a t i o n s  du r ing  t h e  shower when t h e  i n f l u x  r a t e s  v a r i e d  a s  
much a s  t h r e e  o r d e r s  of magnitude from t h e  non-shower average ; 

r a t e .  For a 10 hour pe r iod ,  E x p l o r e r , I  d e t e c t e d  an i n t e r p l a n e t a r y  



dus t  s t r e a m  wi th  impact r a t e s  a s  high as 25 t i m e s  t h e  average 
impact r a t e  dur ing  the  s a t e l l i t e ' s  l i f e t i m e .  

The d i s t r i b u t i o n  curve obta ined  w i t h  t h e  direct measure- 
ments  d i f f e r s  from t h a t  expected from e x t r a p o l a t i o n s  of 
meteor observa t ions .  The sma l l  dus t  p a r t i c l e s  dominate t h e  
a c c r e t i o n  by  t h e  e a r t h  ef i n t e r p l a n e t a r y  m a t t e r ;  t h e  a c c r e t i o n  
r a t e  is of the order of lo4 t o n s  per day. 
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INTRODUCTION 
An important const1tueE-t of t h e  s o l a r  system is t h e  cloud 

of d u s t  surrounding the sun. Knowledge concerning the o r i g i n ,  
composition, and dynamic p r o p e r t i e s  of t hese  dus t  p a r t i c l e s  
is fundanental ts c~ns ide ra t io i i s  of the s o l a r  system. 

Various techniques have been used i n  s tudy ing  t h e  phys ica l  
and dynamic p r o p e r t i e s  of dus t  p a r t i c l e s  i n  t h e  z o d i a c a l  cloud. 
These inc lude  ground-based v i s u a l ,  photoggaphic, and r a d a r  
meteor obse rva t ions ;  photometric obse rva t ions  of t h e  z o d i a c a l  
l i g h t  and s o l a r  F corona; and var ious  types  of c o l l e c t i o n  
techniques  and l abora to ry  analyses .  

From meteor msasurements involv ing  obse rva t ions  of 
i n d i v i d u a l  c o l l i s i o n s  of meteoroids w i t h  the  e a r t h ' s  atmosphere, 
v e c t o r  v e l o c i t y ,  mass, d e n s i t y ,  and composition have been 
measured. These s t u d i e s  a r e  l imi t ed ,  i n  m o s t  c a s e s ,  t o  
p a r t i c l e  masses g r e a t e r  than gm. Addi t iona l  in format ion  has  
been ob ta ined  from t h e  c o l l e c t i o n  of remnants of meteoro ida l  and 
dus t  p a r t i c l e  m a t e r i a l  which have surv ived  passage through t h e  
atmosphere. Composition, age, snd g r o s s  a c c r e t i o n  r a t e s  w e r e  
determined from t h e s e  ana lyses .  Zodiacal  l i g h t  obse rva t ions  
nepresent  t he  only  ground-based technique which has  been used 
t o  o b t a i n  measurements of t h e  s i z e s  and dynamics of d u s t  
p a r t i c l e s  i n  i n t e r p l a n e t a r y  space wi th  masses less than  10 gm. -6 

Another technique f a r  measuring phys ica l  and dynamic 
p r o p e r t i e s  of dus t  p a r t i c l e s  became a r e a l i t y  wi th  the advent of 
v e h i c l e s  capable  of p l ac ing  experiments i n  space.  Detectors 



have been developed which a r e  capable  of measurements on 
i n d i v i d u a l  dus t  p a r t i c l e s  with masses a s  smal l  a s  10- l3 gm. 
The dus t  p a r t i c l e  measurements i n  space s t a r t e d  wi th  experiments 
on sounding rockets i n  1949. Since t h e  s u c c e s s f u l  launching of 
Explorer  I (1958 Alpha), r e s u l t s  have been obta ined  from 
experiments on fou r t een  United S t a t e s  and Sovie t  Union s a t e l l i t e s  
and space probes. S ix  d i f f e r e n t  t ypes  of s e n s o r s  have been used 
t o  measure the fol lowing p a r t i c l e  parameters:  momentum, 
k i n e t i c  energy, ' pene t r a t ion ,  and f r a c t u r e  p r o p e r t i e s .  The r e s u l t s  
of t h e s e  rocket  and s a t e l l i t e  measurements a r e  presented  i n  t h e  
fo l lowing  sec t ions .  

2 



DIRECT MEASUREMENTS FROM MICROPHONE SYSTEMS 
~~ ~ _ _ ~  ~~~ 

The microphone type of dust p a r t i c l e  sensor has  b a s i c a l l y  
c o n s i s t e d  of a p i e z o e l e c t r i c  c r y s t a l  microphone a t t ached  t o  a 
m e t a l l i c  sounding board. The e l e c t r i c a l  s i g n a l  t h a t  is genera ted  
when an  impacting dus t  p a r t i c l e  d e l i v e r s  a mechanical impulse 
t o  t h e  sounding board is amplif ied and pulse-height  analyzed i n  
o r d e r  t o  o b t a i n  information about t h e  p a r t i c l e .  Analog Cal i -  
b r a t i o n s ,  performed i n  t h e  l abora to ry  by dropping c a r e f u l l y  
s e l e c t e d  g l a s s  spheres  onto  the  sounding boards,  have c o n s i s t e n t l y  
shown ( f o r  low v e l o c i t i e s )  t h a t  t h e  microphone system is s e n s i t i v e  
t o  the m o m e n t u m  of an impacting p a r t i c l e .  Byperveloci ty  s t u d i e s  
wi th  m i c r o p a r t i c l e s  from shaped charges  [ l ]  t end  t o  confirm the 

momentum s e c s i t i v i t y ,  Use ef the theoretical r e s u l t s  of 
Stanyukovich [2] l ead  t o  an eDergy s e n s i t i v i t y ,  w h i l e  t h e  use of 
those  of Lavrentyev [3] give  still  a d i f f e r e n t  dependence on t h e  
p a r t i c l e  v e l o c i t y .  

p a r t i c l e  mass, s u b j e c t  on ly  t o  minor u n c e r t a i n t i e s ,  These 
u n c e r t a i n t i e s  i nc lude  t h e  choice of a proper average speed 
( r e l a t i v e  t o  t h e  s a t e l l 8 t e ) f o r  t h e  p a r t i c l e s ;  the  de te rmina t ion  
of an e f f e c t i v e  c o e f f i c i e n t  of r e s t i t u t i o n  f o r  hyperve loc i ty  
m i c r o p a r t i c l e  impacts ;  and t h e  computation of the appropr i a t e  
correction f a c t o r s  f o r  s h i e l d i n g  by t h e  e a r t h ,  f o r  t h e  s o l i d  
viewing angle  of t h e  sensor,  and f o r  t h e  o r i e n t a t i o n  of t h e  
s o l i d  viewing angle  r e l a t i v e  t o  the apex of the  e a r t h ' s  motion. 
The v a r i o u s  c o r r e c t i o n  f a c t o r s  have been chosen such t h a t  t he  

minor  c o r r e c t i o n s  t h a t  w i l l  m o s t  probably become necessary w i l l  
l e ave  t h e  r e s u l t s  of t h i s  a n a l y s i s  e s s e n t i a l l y  unchanged. 

The d i r e c t  measurements can be expressed i n  t e r m s  of t h e  

Microphone systems have provided t h e  g r e a t e s t  q u a n t i t y  
of in format ion  about t h e  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s .  These 
systems have flown on more v e h i c l e s  and over  a g r e a t e r  range 
of g e o c e n t r i c  d i s t ances than  any of t h e  o t h e r  systems. I n  
a d d i t i o n ,  t hey  a r e  more n e a r l y  c a l i b r a t e d  than  o t h e r  t ypes  Of 

dus t  p a r t i c l e  sensors. I t  w i l l  be assumed, f o r  t h e  purposes Of 
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t h e  present  a n a l y s i s ,  t h a t  t h e  microphone systems a r e  momentum 
s e n s i t i v e  and t h a t  the r a t i o  s f  t h e  mechanical impulse t o  
t h e  impact-momentum of a p a r t i c l e  i s  un i ty .  A sma l l  c o r r e c t i o n ,  
es t imated  t o  be a f a c t o r  of 2 or 3, can be in t roduced  l a t e r  
when hyperveloci ty  l abora to ry  s t u d i e s  a r e  completed. 

The microphone system on  Explorer  VI11 (1960 X i )  u t i l i z e d  
t w o  m e t a l l i c  sounding boards a t t ached  t o  a c o n i c a l  s e c t i o n  of 
t h e  s p i n - s t a b i l i z e d  s a t e l l i t e .  The s o l i d  viewing angle  of t h e  
system was 21-r s t e r a d i a n s  and remained almost cen te red  on t h e  
antapex of t h e  e a r t h ' s  mot ion  du r ing  t h e  l i f e t i m e  of t h e  
experiment. From an analog c a l i b r a t i o n  performed i n  t h e  

l abora to ry ,  t h e  l i m i t i n g  s e n s i t i v i t i e s  f o r  the t h r e e  ranges of 
s e n s i t i v i t y  were found t o  be 2 . 5  X , 2 . 5  X and 
2.5 X 10-1 dyne seconds. 
p a r t i c l e  mass a s  1.0 X 10- , 1 , O  X lo-', and 1.0 X 10-7 . .  gm, 
r e s p e c t i v e l y ,  i f  an average speed ( r e l a t i v e  t o  t h e  s a t e l l i t e )  
of 25  km sec" is assumed. 
l i m i t i n g  s e n s i t i v i t i e s  used i n  t h e  microphone system on Explorer  
VI11 a r e  of p a r t i c u l a r  importance i n  view of t h e  e x c e l l e n t  d a t a  
sample t h a t  was obtained.  The magnitude of t h e  t o t a l  range of 
s e n s i t i v i t y  a l lows not  on ly  a d e f i n i t i o n  of the i n f l u x  r a t e s  
w i t h i n  t he  t h r e e  ranges bu t  a l s o  the es tab l i shment  of t h e  
shape of a segment of an average mass d i s t r i b u t i o n  curve,  

The f i n e  s t r u c t u r e  i n  t h e  i n f l u x  r a t e  measured w i t h  t h e  
microphone system on  Explorer  VI11 a r e  p r e s e n t l y  be ing  analyzed. 
The l a r g e  v a r i a t i o n s  ( a t  l e a s t  p l u s  or minus an order of magnitude *- 

f r o m  t he  mean wi th in  i n t e r v a l s  of on ly  a few hours for dus t  
p a r t i c l e s  wi th  masses of about 10'' gm) a r e  be ing  s t u d i e d  t o  
determine t h e i r  phys i ca l  s i g n i f i c a n c e .  The pre l iminary  readouts  
of t h e  t o t a l  numbers of impacts used i n  e s t a b l i s h i n g  t h e  average 
mass d i s t r i b u t i o n  curves  t h a t  were r epor t ed  e a r l i e r  [4 ,5]  have 
been confirmed. Exact s p e c i f i c a t i o n  of t h e s e  numbers awai t s  
completion of t h e  ana lyses  t h a t  a r e  i n  p rogres s ,  b u t  "revised 
preliminary" numbers may be given. They a r e :  3650 dusf 

These may be expressed i n  t e r m s  of 
9 

The l a r g e  s e p a r a t i o n s  of t h e  
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-3 ). p a r t i c l e s  w i t h  momenta equal  t o  o r  g r e a t e r  than  2.5 X 10 
dyne seconds,  75 with  momenta equal  t o  o r  g r e a t e r  t han  2 . 5  x 10- 2 

dyne seconds,  and 1 or  2 wi th  momenta equal  t o  o r  g r e a t e r  than  
2 . 5  X 10-1 dyne seconds. The corresponding l i m i t s  on p a r t i c l e  

mass w e r e  given i n  an e a r l i e r  paragraph. The exposed a r e a  of 
t h e  sounding boards was 7.0 X 

6 t h e  experiment was 3.47 X 10 seconds. 
m2; and t h e  l i f e t i m e  of  

A c o r r e c t i o n  f a c t o r  of 2 is  app l i ed  i n  o r d e r  t o  conver t  
t h e  i n f l u x  r a t e s  t o  omnidi rec t iona l  va lues  b e f o r e  t h e  d a t a  a r e  
p l o t t e d  a s  t h e  cumulative mass d i s t r i b u t i o n  curve shown i n  
F igure  1. Although t h e  d a t a  point f o r  t h e  s c a l e  of lowest 
s e n s i t i v i t y  is not very s i g n i f i c a n t ,  i t  l ies  on  t h e  s t r a i g h t  
l i n e  segment i n d i c a t e d  by t h e  two d a t a  p o i n t s  t h a t  a r e  
s i g n i f i c a n t .  The equat ion  of a s t r a i g h t  l i n e  segment t h a t  
very  n e a r l y  f i t s  t h e  d a t a  po in t s  shown i n  F igure  1 is: 

i n  which I is t h e  omnidi rec t iona l  i n f l u x  r a t e  i n  p a r t i c l e s  
m sec , and m is t h e  p a r t i c l e  mass i n  grams. -2 -1 

The s p a c e c r a f t  from which direct measurements w i t h  microphone 
s y s t e m s  have been obta ined  i n  t h e  United S t a t e s  a r e  l i s t e d ,  
t o g e t h e r  wi th  t h e  r e l evan t  d a t a ,  i n  Table 1. Average p a r t i c l e  
speeds of 30 km sec” have been used f o r  t h e  omnid i r ec t iona l  
s e n s o r s  and f o r  s e n s o r s  mounted on sp inn ing  o r  tumbling v e h i c l e s  
t h a t  view most of t h e  celestial  sphere.  An at tempt  has  been 
made t o  apply c o r r e c t i o n  f a c t o r s  f o r  s h i e l d i n g  by t h e  e a r t h  
and l a c k  of o m n i d i r e c t i o n a l i t y  of t h e  sensors .  A l l  d a t a  were 
converted t o  omnid i r ec t iona l  i n f l u x  r a t e s .  

Reading of t h e  te lemetered  d a t a  from Vanguard I11 (1959 Eta) 
has now been completed and i s  i n  the f i n a l  s t a g e s  of ana lys i s .  
More than  6000 impacts were recorded d u r i n g  t h e  80 day l i f e t i m e  
of t h e  experiments,  Of t h i s  number, approximately 2800 impacts 
occur red  i n  a 70 hour i n t e r v a l  on 16-18 November, which was 
co inc iden t  i n  t i m e  wi th  t h e  Leonid meteor shower. An average 
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i n f l u x  r a t e  has been computed from t h e  Vanguard I11 d a t a  on 
t h e  b a s i s  of approximately 3500 impacts. A f a c t o r  of 1.5 
was used t o  correct f o r  s h i e l d i n g  by the  e a r t h .  

The data  given f o r  Explorer  I (1958 Alpha) and Pioneer  I 
a r e  those  repor ted  by Dubin [ 6 , 7 ] .  The t o t a l  number of impacts 
(145) f o r  Explorer I was used i n  computing an average i n f l u x  
r a t e  even though more than one-half t h e  impacts probably 
represented  an i n t e r p l a n e t a r y  dus t  p a r t i c l e  event  [8,9], The 
high i n f l u x  r a t e s  du r ing  t h e  dus t  p a r t i c l e  event  were somewhat 
counteracted by an i n t e r v a l  of low r a t e s ,  so  an i n f l u x  r a t e  
computed from t h e  t o t a l  number of impacts s e r v e s  very w e l l  i n  
t h e  present  a n a l y s i s .  A f a c t o r  of 2 was used i n  c o r r e c t i n g  
f o r  s h i e l d i n g  by t h e  e a r t h  and i n  a l lowing  f o r  t h e  f a c t  t h a t  
t h e  senso r  was not  completely omnidi rec t iona l .  The microphone 
system on Pioneer I r e g i s t e r e d  25 impacts,  of which 17 a r e  
considered t o  r ep resen t  impacting dus t  p a r t i c l e s .  N o  c o r r e c t i o n  
f o r  s h i e l d i n g  by t h e  e a r t h  was made, because Pioneer  I s p e n t  
most of i t s  t i m e  a t  l a r g e  geocen t r i c  d i s t a n c e s  (2 t o  19 e a r t h  

I r a d i i ) .  
A prel iminary readout of t h e  d a t a  from t h e  microphone 

and coated pho tomul t ip l i e r  s y s t e m s  on Ranger I has been 
r epor t ed  by Alexander and Berg [ l o ] .  I n  t h i s  sys t em,  the two 
s e n s o r s  were capable  of o p e r a t i n g  i n  co inc idence  a s  w e l l  a s  
independently.  The d a t a  f o r  the  microphone s y s t e m  alone a r e  
given i n  Table 1. 

The r e s u l t s  from the microphone system on Midas I1 
(1960 Z e t a  I) and pre l iminary  r e s u l t s  from a s i m i l a r  system 
on Samos I1 (1961 Alpha 1)  have been r epor t ed  by Soberman 
and De l l a  Lucca [ l l ] .  The da ta  w e r e  ob ta ined ,  a s  i n  t he  case  
of  Explorer I ,  i n  r e a l  t i m e  a s  t h e  s a t e l l i t e  passed over 
t e l e m e t r y  s t a t i o n s .  

s a t e l l i t e  t h a t  f a i l e d  t o  achieve o r b i t )  have been r epor t ed  
by LaGow. Schaefer ,  and S c h a f f e r t  [12].  A d a t a  poin t  t h a t  is 

The da ta  from a microphone s y s t e m  on SLV-1 (a  Vanguard 
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I 

of use i n  the p resen t  a n a l y s i s  can be obta ined  i f  t h e  s e n s i t i v i t y  

of t h e  s y s t e m  is recomputed on the  b a s i s  of momentum r a t h e r  t han  
energy. The b u r s t s  of counts  observed w e r e  m o s t  l i k e l y  produced 
when t h e  expended t h i r d  s t a g e  motor s p u t t e r e d  and bumped t h e  
payload [13]. Therefore ,  on ly  10 of t h e  17 impacts a r e  used 
i n  computing an i n f l u x  r a t e .  The va lue  of t h e  mass s e n s i t i v i t y  
ass igned  t o  t h i s  system has been computed from c a l i b r a t i o n  d a t a  
t h a t  was given [12]. 

Some of t h e  e a r l i e s t  d i r e c t  measurements t h a t  w e r e  of 
q u a n t i t a t i v e  va lue  were obtained wi th  microphone systems on a 
series of seven s u c c e s s f u l  high a l t i t u d e  r o c k e t s  instrumented 
and flown by Oklahoma S t a t e  Universi ty  [5,14,15]. The d a t a  from 
these rockets a r e  summarized i n  Table 2. Average p a r t i c l e  speeds  
have been assigned f o r  each  sensor  of each  rocket  u n t i l  t h e  
d i s t r i b u t i o n  of o r b i t s  of d u s t  p a r t i c l e s  can be determined. Most 
of t h e  s e n s o r s  on t h e  rocke t s  were exposed t o  the high  v e l o c i t y  
component of dus t  p a r t i c l e  i n f lux .  

The d i r e c t  measurements obtained wi th  microphone systems 
on r o c k e t s ,  s a t e l l i t e s ,  and s p a c e c r a f t  of t h e  Sov ie t  Union 
have been r epor t ed  by Nazarova [16,17] and a r e  summarized i n  
Table 3. Some of t h e  q u a n t i t i e s  i n  Table 3 have been computed 
on t h e  b a s i s  of information given by Nazarova i n  o r d e r  t h a t  
d a t a  from t h e  U. S. and U. S o  S. R. space v e h i c l e s  can be 
inc luded  i n  t h e  same a n a l y s i s .  

The s e n s i t i v i t i e s  f o r  t h e  microphone systems on t h e  
Sov ie t  s p a c e c r a f t  w e r e  expressed b y  Nazarova i n  t e r m s  of 
p a r t i c l e  mass. The microphone system was assumed t o  be energy 
s e n s i t i v e ,  and an average p a r t i c l e  speed of 40 km sec-’ was 
assumed f o r  t h e  s a t e l l i t e s  and space probes i n  conve r t ing  t o  
p a r t i c l e  mass. 
i n  an e a r l y  a n a l y s i s  by YcCracken [14] ,  b u t  t h i s  va lue  is  now 
regarded a s  be ing  t o o  high. 
reasonable  and w i l l  be used u n t i l  in format ion  on the v e l o c i t y  
d i s t r i b u t i o n  of t h e  dus t  p a r t i c l e s  has  been obta ined .  The 

An average p a r t i c l e  speed of 40 km sec-’ was used 

A value of 30 km sec-’ seems more 
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mass s e n s i t i v i t i e s  f o r  t h e  microphone systems on t h e  Sov ie t  
s p a c e c r a f t  a r e  t h e r e f o r e  reduced by t h e  square  of t h e  r a t i o  
of 40 t o  30 i n  o r d e r  &d compensate f o r  t h e  d i f f e r e n c e  i n  t h e  
assigned p a r t i c l e  speeds. The average p a r t i c l e  speed assumed 
i n  computing t h e  mass s e n s i t i v i t i e s  of t h e  microphone systems 
on t h e  geophysical rockets was 15 km sec-l, so t h e  mass s e n s i t i -  
v i t i e s  given by Nazarova a r e  increased  by a f a c t o r  of 4 when 
conver t ing  t o  30 k m  sec-l- 

The i n f l u x  r a t e s  measured by Sputnik I11 (1958 Del ta  2) 
underwent tremendous changes dur ing  the f i r s t  three days of 
ope ra t ion  of t h e  equipment. The i n f l u x  r a t e s ,  a s  r epor t ed  
by Nazarova [16,18],  were 4 t o  11 p a r t i c l e s  mm2 sec 
May (day of launch) ,  5 X 
and less than p a r t i c l e s  mm2 sec dur ing  t h e  i n t e r v a l  
18-26 May. Nazarova a t t r i b u t e s  t h e  h igh  i n f l u x  r a t e s  dur ing  
t h e  first f e w  d a y s  t o  a meteoroid shower, bu t  hes conclusion 
i s  open t o  quest ion.  I n  any c a s e ,  on ly  t h e  i n f l u x  r a t e  given 
for t h e  l a s t  9 days of ope ra t ion  can be used i n  e s t a b l i s h i n g  
an average mass d i s t r i b u t i o n  curve.  I t  is not  c l e a r  whether 
Nazarova co r rec t ed  t h e  i n f l u x  r a t e  from Sputnik I11 for 
s h i e l d i n g  by the e a r t h ,  so  t h e  i n f l u x  r a t e  i s  l e f t  i n  Table 3 
a s  i t  was given. 

The method of encoding information i n t o  the te lemetered  
s i g n a l  on Lunik I was such t h a t  on ly  very drude upper l i m i t s  
t o  t h e  i n f l u x  r a t e s  can be s p e c i f i e d .  Only t h a t  i n f l u x  r a t e  
measured by t h e  s c a l e  of h ighes t  s e n s i t i v i t y  is  of any va lue  
i n  t h e  present  ana lys i s .  Lunik I ,  Lunik 11, and the I n t e r -  
p l ane ta ry  S t a t i o n  (1959 Theta) opera ted  a t  l a r g e  geocen t r i c  
d i s t a n c e s ,  o b v i a t i n g  c o r r e c t i o n s  for s h i e l d i n g  by t h e  e a r t h .  
N o  at tempt has been made t o  correct t h e  i n f l u x  r a t e s  from t h e  
t h r e e  geophysical rocke t s  t o  omnidi rec t iona l  va lues  because 
t h e  o r i e n t a t i o n s  of t h e  rocke t s  and s o l i d  viewing angles  of t h e  
senso r s  have not  been repor ted .  

-1 on 15 
on 16-17 May, -1 p a r t i c l e s  ma2 sec 

4-1 

. 
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DIRECT BdEASUREMENTS FROM PHOTOMULTIPLIER AND ROCKET COLLECTION 

SYSTEMS 
An experiment which measured t h e  k i n e t i c  energy  of micron- 

s i z e  dus t  p a r t i c l e s  was flown on t h r e e  rockets [9 ,19 ,20]  and 
two s a t e l l i t e s  [9,10].  The sensors  measured t h e  i n t e n s i t y  
of t h e  v i s i b l e  l i g h t  emi t t ed  during each  impact of a micro- 
p a r t i c l e  wi th  a v e l o c i t y  g r e a t e r  t han  5 k m  sec-l. 
emi t t ed  f r o m  impacts of micron-size p a r t i c l e s  wi th  v e l o c i t i e s  
between 4 and 11 km sec-’ has been observed i n  laboraiiory 
s t u d i e s  [21]. Measurements of t h e  i n t e n s i t y  and d u r a t i o n  
of t h e  l i g h t  f l a s h  provide a means f o r  determining t h e  k i n e t i c  
energy of an impacting p a r t i c l e .  Resu l t s  of t h e  l a b o r a t o r y  
studies indicate that the  l i g h t  f i a s n  senso r  detected p a r t i c l e s  

13 

Light 

wi th  masses g r e a t e r  than  10- gm. 
The conf igu ra t ion  of t h e  senso r s  i n  each  of t h e  f i v e  

experiments was d i f f e r e n t  , but t h e  p r i n c i p l e  of l i g h t  f l a s h  
d e t e c t i o n  was the  same. The bas i c  detector u n i t  was a photo- 
m u l t i p l i e r  tube.  The s u r f a c e  exposed t o  impacts i n  the 

experiments was Luci te  [19 ,20]  and g l a s s  [9 ,10] ,  A few 
thousand angstroms of aluminum w e r e  evaporated on the  impact 
s u r f a c e s  t o  s h i e l d  t h e  photocathodes from background l i g h t .  
When a dus t  p a r t i c l e  pene t ra ted  t h e  aluminum dur ing  an impact,  
l i g h t  from t h e  impact f l a s h  could reach  t h e  photocathodes. 
The rocket experiments exposed a l a r g e r  impact a r e a  t h a n  t h e  
s a t e l l i t e  i n s t rumen ta t ion  t o  compensate f o r  t h e  shorter exposure 
t i m e  of t h e  rocke t  f l i g h t s .  The impact s u r f a c e  f o r  each of t h e  
t w o  s a t e l l i t e  d e t e c t o r s  was the  f a c e  of an end-on-type photo- 
m u l t i p l i e r  tube.  An i n t e n s i v e  e f f o r t  was made t o  make t h e  

s e n s o r s  i n s e n s i t i v e  t o  Cerenkov r a d i a t i o n  and t o  e n e r g e t i c  
p a r t i c l e s .  

The r e s u l t s  of t h e  l i g h t  f l a s h  d e t e c t o r  measurements a r e  
given i n  Table 4.  The cone of v i s i o n  of a d e t e c t o r ,  t h e  
exposure,  and t h e  t o t a l  number of impacts a r e  given f o r  each 
measurement. An impact r a t e  i s  computed and then  normalized t o  
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4rr s t e r a d i a n s .  (These computations a l s o  inc lude  c o r r e c t i o n  
f a c t o r s  f o r  e a r t h  s h i e l d i n g . )  

Thus, t h e  l i g h t  f l a s h  d e t e c t o r  was exposed t o  t h e  high speed 
component of t h e  dus t  p a r t i c l e  i n f l u x .  The J u p i t e r  AM-28 
rocket was launched a t  1900 hours l o c a l  t i m e ,  so  t h e  d e t e c t o r  
was exposed t o  t h e  low speed component of t h e  i n f l u x .  For 
purposes of comparison, t he  rocke t  r e s u l t s  a r e  normalized 
t o  a speed of 30 km sec”. 
the average speed of t h e  dus t  p a r t i c l e s  t o  which t h e  Aerobee 
NRL-25 sensor  was expQsed. Since t h e  detector s e n s i t i v i t y  is 
a func t ion  of t h e  square  of t h e  p a r t i c l e  v e l o c i t y ,  t h e  i n f l u x  

-1 r a t e  of 390 p a r t i c l e s  m-2 sec 
m sec i n  o rde r  t o  o b t a i n  am-omnidi rec t iona l  i n f l u x  a t  an 
average speed of 30 km sec-’ ( a  l i n e a r  r e l a t i o n s h i p  is assumed 
between i n f l u x  r a t e s  and mass s e n s i t i v i t y ) .  A sj lmilar 
computation i s  made f o r  t h e  J u p i t e r  AM-28 measurement us ing  a 
va lue  of 12 k m  sec-’ f o r  t h e  average dus t  p a r t i c l e  speed. 
The omnidi rec t iona l  i n f l u x  r a t e  for t h i s  experiment becomes 
25 p a r t i c l e s  m-2 sec 

l i g h t  f l a s h  experiment very s i m i l a r  t o  t h a t  on Aerobee 
NRL-25. No e v e n t s  were observed,  bu t  because of t h e  fo l lowing  
r easons ,  t h e r e  is  a p o s s i b i l i t y  t h a t  t h e  experiment d i d  not  
s q r v i v e  launch. The senso r  was a 1P21 pho tomul t ip l i e r ,  and 
t h e  rocke t  was a Skylark ,  which has a s o l i d  p r o p e l l a n t  motor. 
The sys t em was sub jec t ed  t o  70g a c c e l e r a t i o n  test  i n  a 

cen t r i fuge .  
should have a l s o  included seve re  shock and v i b r a t i o n  t e s t s ,  
s i n c e  t h e  1P21 is not ruggedized. An i n - f l i g h t  s enso r  c a l i b r a t i o n  
us ing  a l i g h t  source would have v e r i f i e d  t h e  launch s u r v i v a l  
of t h e  de t ec to r .  The J u p i t e r  AM-28 experiment and both  s a t e -  
l l i t e  experiments conta ined  t h i s  f e a t u r e  i n  t h e  experiment 
i n s  t rune n t a t ion. 

Aerobee NRL-25 was launched a t  0200 hours l o c a l  t i m e ,  

A speed of 45 km sec-’ is used a s  

is reduced t o  173 p a r t i c l e s  
-2 -1 

-1 

The Skylark rocke t  flown by Lovering [21]  conta ined  a 

A meaningful environmental  q u a l i f i c a t i o n  tes t  
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The measurements from t h e  s a t e l l i t e s  a r e  c o r r e c t e d  fo r  
e a r t h  s h i e l d i n g  and normalized t o  417 s t e r a d i a n s .  The d a t a  
from t h e  Explorer  VI11 and Ranger I experiments a r e  r e s t r i c t e d  
t o  s a t e l l i t e  night-t ime measurements i n  o r d e r  t o  e l i m i n a t e  
any extraneous counts  caused by s u n l i g h t .  The average omni- 
d i r e c t i o n a l  i n f l u x  r a t e s  f o r  t h e  Explorer  VI11 and Ranger I 
measurements a r e  200 and 114 p a r t i c l e s  m-2 sec 
p a r t i c l e  w i t h  masses of 10- l3 gm and g r e a t e r .  

somewhat smaller than those  covered by t h e  direct measurements 
ob ta ined  wi th  microphone s y s t e m s  has been r epor t ed  by Soberman, 
Hemenway, et  a l . ,  [22]. A recoverable  h i g h - a l t i t u d e  rocke t  was 

a l t i t u d e s  g r e a t e r  t han  88 km. An i n f l u x  r a t e  of 300 p a r t i c l e s  
m sec was e s t ima ted  f o r  t h e  p a r t i c l e s  w i t h  d iameters  equal  
t o  or g r e a t e r  than  31-1. The cumulative i n f l u x  r a t e  p l o t t e d  
a s  a func t ion  of p a r t i c l e  d i a m e t e r  has a nega t ive  s l o p e  of 1.3 

and a p p l i e s  t o  p a r t i c l e s  w i t h  diameters  a s  sma l l  a s  0.21-1. 
If a mass d e n s i t y  of 3 gm cm-3 is used [22] ,  t he  i n f l u x  r a t e s  
es t imated  from t h i s  c o l l e c t i o n  may be compared t o  those 
obta ined  from t h e  o t h e r  d i r e c t  measurements. No s h i e l d i n g  
c o r r e c t i o n s  a r e  in t roduced ,  s i n c e  t h e  c o l l e c t o r s  faced  i n  
t h e  genera l  d i r e c t i o n  of t h e  apex of the e a r t h ' s  motion. 

-1 , r e s p e c t i v e l y ,  

Another e s t i m a t e  of t h e  i n f l u x  r a t e s  f o r  dus t  p a r t i c l e s  

used i= obtaining 8 remarBa=l& collectiofi of pai=t i c l e s  a t  

-2 -1 
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CUMULATIVE MASS DISTRIBUTION CURVE FROM DIRECT MEASUREMENTS 
The d i r e c t  measurements ob ta ined  wi th  t h e  microphone, 

photomul t ip l ie r ,  and rocket c o l l e c t i o n  systems a r e  p l o t t e d  a s  
a cumulative mass d i s t r i b u t i o n  curve i n  F igure  2. Two 
c h a r a c t e r i s t i c s  of t h e  d a t a  used i n  e s t a b l i s h i n g  t h e  curve 
should be emphasized. F i r s t ,  t h e  i n f l u x  r a t e s  a r e  expressed 
a s  omnidi rec t iona l  va lues ,  and secondly,  t h e  curve is- t h e  
r e s u l t  of a se r ies  of experiments i n  t h e  v i c i n i t y  of t h e  
e a r t h .  How w e l l  t h e  curve a p p l i e s  t o  o t h e r  r eg ions  of space is 
not  p re sen t ly  known. 

gm 
t o  gm is compared t o  t h e  Explorer  V I 1 1  r e s u l t s  (presented 
i n  Figure 1) .  A s tudy  of t h e  d a t a  p o i n t s  i n  F igure  2 demonstrates  
the degree of cons is tency  w i t h  which t h e  average i n f l u x  r a t e s  
der ived  from a l l  microphone measurements f i t  the curve.  

10 A l l  of t h e  microphone d a t a  f o r  the  mass range of 10- 

The photomul t ip l ie r  r e s u l t s  a l low an extension,  t o  approx- 
gm, of t h e  d i s t r i b u t i o n  curve obta ined  wi th  - 13 imate ly  10 

microphone systems. The r epor t ed  i n f l u x  r a t e s  from t h e  rocket 
c o l l e c t i o n  experiment [22]  a r e  somewhat h igher  than  t h e  
photomul t ip l ie r  detector r e s u l t s .  However, t h e  80 t o  150 
km a l t i t u d e  range of t h e  c o l l e c t i o n  experiment probably c o n t a i n s  
an abundance of dece le ra t ed  mic ropa r t i c l e s .  Th i s  is  an .&plEah$t%on 
f o r  t h e  high s p a k i a l  d e n s i t y  of micron-size p a r t i c l e s  r epor t ed  
from t h e  c o l l e c t i o n  r e s u l t s .  

The cumulative mass d i s t r i b u t i o n  curve is n o t  a cons t an t  
mass t o  magnitude curve,  and the s l o p e  appears  t o  change 
r a p i d l y  with decreas ing  p a r t i c l e  s ize .  The r a d i a t i o n  p res su re  
c u t - o f f s  a s  a func t ion  of the mass d e n s i t y  a r e  a l s o  shown i n  
F igure  2. On a cumulative mass d i s t r i b u t i o n  curve ,  t h e  s l o p e  
of t h e  curve should approach z e r o  a s  t h e  r a d i a t i o n  p res su re  
l i m i t s  a r e  reached. The r e s u l t s  f o r  p a r t i c l e s  w i th  masses 
between 10- l3 gm and 10- 

which a r e  i n h e r e n t l y  more u n c e r t a i n  than  t h e  microphone da ta .  
A s  t h e  number and s o p h i s t i c a t i o n  of measurements i n c r e a s e  for 
t h i s  range of p a r t i c l e  s i z e ,  the  mechanisms c o n t r o l l i n g  t h e  

g m  r e p r e s e n t  i n i t i a l  measurements 10 
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distributions of these micron-size dust particles w i l l  be 
better understood. 

t 
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RESULTS FROM PENETRATION AND FRACTURE EXPERIMENTS 
Twelve experiments w i t h  p e n e t r a t i o n  or f r a c t u r e  type  of 

dus t  p a r t i c l e  s enso r s  have been flown on seven U. S .  s a t e l l i t e s .  
I n  a l l  bu t  t w o  c a s e s ,  t h e  numbers of e v e n t s  detected by t h e s e  
senso r s  were one or z e r o ;  t h e r e f o r e ,  a measured average i n f l u x  
r a t e  f o r  d u s t  p a r t i c l e s  cannot be p2otted. A comparison can 
be made between t h e  r e s u l t s  of t h e s e  experiments and t h e  

average mass d i s t r i b u t i o n  curve (Figure 3) e s t a b l i s h e d  from 
measurements w i t h  microphone systems, 

The f r a c t u r e  type senso r s  c o n s i s t e d  of cont inuous w i r e  
wrapped around an  i n s u l a t i n g  suppor t  m a t e r i a l ,  An impact event  
was observed when t h e  c o l l i d i n g  dus t  p a r t i c l e  f r a c t u r e d  t h e  w i r e  
and caused an open c i r c u i t .  Manring [23] (Explorer I and I I I ) ,  
Soberman and Del la  Lucca [ l l ]  (Midas I1 and Samos I I ) ,  and 
Secre tan  (Explorer X I I I )  have flown t h e  w i r e  g r i d  type  senso r  
on  f i v e  s a t e l l i t e s .  The major d i f f e r e n c e s  among these s e n s o r s  
were t h e  w i r e  s i z e  and t o t a l  exposed area .  The mass of t h e  dus t  
p a r t i c l e  w h i c h  would f r a c t u r e  t h e  w i r e  is taken  here a s  be ing  
comparable t o  t h a t  r epor t ed  by  Manring [23] and Cohen, e t  a l . ,  

Four d i f f e r e n t  types  of p e n e t r a t i o n  experiments have 
been flown on t h r e e  s a t e l l i t e s ,  Three of t h e  senso r s  r equ i r ed  
a pe r fo ra t ion  of t he  exposed s u r f a c e ,  and one senso r  r equ i r ed  
a c r a t e r  w i t h  a diameter s u f f i c i e n t  t o  des t roy  t h e  s e n s i n g  
element. Laww and Secre tan  [25,26] developed three of t h e s e  
senso r s  f a r  Vanguard 111. The f irst  type  of s enso r  c o n s i s t e d  
of a s t r i p  of chromium, 300y wide and l p t o  3y deep, evaporated 
on Pyrex glass .  The r e s i s t a n c e  of t h e  s t r i p  was monitored, 
and a complete break of t h e  chromium was r equ i r ed  i n  o r d e r  t o  
regis ter  an impact. The t h r e s h o l d  s e n s i t i v i t y  i n  t e r m s  of 
p a r t i c l e  mass  was determined by computing t h e  diameter  of t h e  
c r a t e r  necessary t o  produce an open c i r c u i t .  The second type  
of s enso r  cons i s t ed  of t w o  he rme t i ca l ly  s e a l e d  and p res su r i zed  
zones. 

[24 1 . 

The exposed s u r f a c e  of t h e  zones was 0.162 m2 of t h e  
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26 m i l  magnesium s k i n  of t h e  s a t e l l i t e .  A d i f f e r e n t i a l  
p re s su re  t ransducer  c o n s t a n t l y  monitored t h e  p re s su re  between 
t h e  two zones,  so  t h a t  a puncture of e i t h e r  or both  of t h e  zones 
could be detected. The t h i r d  sensor  c o n s i s t e d  of a CdS cel l  
covered by a 1/4 m i l  mylar f i l m  which was made opaque by 
evapora t ing  aluminum on both  sides of t h e  f i lm.  As punctures  
occurred ,  t h e  admitted s u n l i g h t  changed the r e s i s t a n c e  of t h e  
CdS ce l l  al lowing the e f f e c t i v e  hole s i z e  was measured. More 
than  one puncture could have been observed wi th  t h i s  sensor .  
T h i s  experiment was a l s o  flown on Explorer  V I I .  

DavPson [27,28] has f h w n  the  f o u r t h  type  of p e n e t r a t i o n  
experiment 03 Explorer  XIII. A p l a t e  of s t a i n l e s s  s tee l  was 
mounted i n  f r o n t  of a f o i l  gage c o n s i s t i n g  of a continuous 
pa th  of gold depos i ted  on s i l i c o n e  rubber.  The f o i l  gage was 
s e p a r a t e d  from the m e t a l l i c  p l a t e  by a mylar i n s u l a t o r .  Two 
th i cknesses s  of s t a i n l e s s  steel, 75p and 150p, w e r e  used. A 
p a r t i c l e  p e n e t r a t i n g  t h e  meta l  would a l s o  f r a c t u r e  t h e  gold 
f o i l ,  caus ing  an open c i r c u i t  and d e t e c t i o n  of an impact. 

v e l o c i t i e s  a s  h igh  a s  11 h / s e c ,  F r i i c h t e n i c h t  [21] has found 
t h a t  t h e  diameter  of t h e  hole  is 1.5 5 0.5 t i m e s  t h e  diameter  
of t h e  impacting p a r t i c l e  f o r  v e l o c i t i e s  g r e a t e r  t han  3.5 k m  

sec . Secre tan  and Berg (unreported r e s u l t s ) ,  u s ing  the  same 
a c c e l e r a t o r ,  have found no marked d e v i a t i o n  f r o m  t h e  above 
s t u d i e s .  These r e s u l t s  a r e  t h e  b a s i s  f o r  t h e  c a l i b r a t i o n  used 
i n  t h e  i n t e r p r e t a t i o n  of t h e  mylar film-CdS experiment. The 
o t h e r  t h r e e  pene t r a t ion  sensors (magnesium and s t a i n l e s s  steel) 
r e q u i r e  a p e r f o r a t i o n  OF a c r a t e r .  An ex tens ive  series of 
p e n e t r a t i o n  experiments has  been performed by Summers, e t  a l . ,  
[29,30].  
was used t o  compute, f o r  t h e s e  three sensors, the  t h r e s h o l d  
s e n s i t i v i t y  i n  t e r m s  of p a r t i c l e  mass. 

Using 114 m i l  mylar f i l m  and micron-size p a r t i c l e s  w i t h  
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The p e n e t r a t i o x  equat ion developed i n  t h e s e  s t u d i e s  

The p e r t i n e n t  information concerning t h e  p e n e t r a t i o n  and 
f r a c t u r e  experiments a r e  presented i n  Table 5. The exposure 
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(area-time product) i nc ludes  a cons ide ra t ion  of e a r t h  s h i e l d i n g ,  
except  f o r  the  two measurements b y  Soberman and De l l a  Lucca [ll]. 

The i n f l u x  r a t e s  f o r  Explorer P P I  and Samos I1 were computed 
from t h e  number of impacts and t h e  corresponding exposures.  
N o  even t s  were observed i n  n ine  of t h e  remaining experiments,  
and one event was observed on Explorer  V I I .  An average 
i n f l u x  r a t e  can be p red ic t ed  f o r  t h e s e  l a t t e r  experiments by 
computing t h e  i n f l u x  r a t e  necessary f o r  a 0.99 p r o b a b i l i t y  of 
a t  l e a s t  one impact. Th i s  is done i n  t h e  fo l lowing  manner: 
an omnidirect ional  d i s t r i b u t i o n  of p a r t i c l e s  was assumed and t h e  
equat ion  berow (based on P o i s s o i  s t a t i s t i c s )  was used t o  f i n d  
t h e  average i n f l u x  r a t e .  

= 1 - e-’, where, p1 

a t  = exposure (m2 s e c ) ,  

s e c - l ) ,  and 

y = a t r ,  

r = average i n f l u x  r a t e  (Number of p a r t i c l e s  m-2 

= 0.99 p r o b a b i l i t y  ( f o r  a t  l e a s t  one event ) .  p1 

The r e s u l t s  der ived  from t h e s e  experiments a r e  compared i n  
Figure 3 with average mass d i s t r i b u t i o n  curve e s t a b l i s h e d  by 
measurements from micraphone systems. 

The u n c e r t a i n t i e s  i n d i c a t e d  i n  F igure  3 r ep resen t  a 
cons ide ra t ion  of t h e  major v a r i a t i o n s  known a t  t h e  present  
t i m e  concerning t h e  parameters ( p a r t i c l e  v e l o c i t y  and d e n s i t y )  
involved i n  hyperve loc i ty  impacts. The d a t a  show t h a t  some of 
t h e  experiments d i d  not  have s u f f i c i e n t  exposure t o  y i e l d  
s i g n i f i c a n t  information.  Within t h e  u n c e r t a i n t i e s  shown, t h e  
measurements do support  t h e  average mass d i s t r i b u t i o n  curve 
previous ly  presented ,  e s p e c i a l l y  wi th in  t h e  mass range of 10 gm 
t o  gm, The curve shown i n  F igure  3 p r e d i c t s  t h e  w i r e  
gr id  f r a c t u r e s  t h a t  occurred on Explorer  I11 [23]  and Samos I1 
[ l l ]  and the s u r v i v a l  (without puncture) of t h e  p e n e t r a t i o n  
experiments on Vanguard I11 [25]  and Explorer  X I 1 1  [27]. 
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The a n a l y s i s  of a l l  of the direct  measurements has shown 
no s i g n i f i c a n t  depa r tu re s  from the average mass d i s t r i b u t i o n  
curve t h a t  was de r ived  from the microphone experiment on 
Explorer  VIII. Now t h a t  i t  has been demonstrated t h a t  the  
direct measurements a r e  s e l f - c o n s i s t e n t ,  comparisons of the 
direct measurements w i th  r e s u l t s  ob ta ined  by o t h e r  obse rva t iona l  
techniques  can be attempted. Information t h a t  deserves  s p e c i a l  
a t t e n t i o n  i n  such a comparison comes from the obse rva t ions  of 
meteors, z o d i a c a l  l i g h t ,  and t h e  s o l a r  F corona. 
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COMPARISON O F  DIRECT MEASUREMENTS WITH RESULTS FROM OBSERVATIONS 
OF METEORS 

Ext rapola t ing  t h e  r e s u l t s  from meteor obse rva t ions  toward 
sma l l e r  p a r t i c l e s  represented  a major method of e s t i m a t i n g  
i n f l u x  r a t e s  f o r  dus t  p a r t i c l e s  be fo re  t h e  advent of t h e  
d i r e c t  measurements technique. The t a b u l a t i o n  by Watson [31] 
of i n f l u x  r a t e s  of meteors followed t h e  cons t an t  mass per  
magnitude r e l a t i o n s h i p ,  render ing  t h e  e x t r a p o l a t i o n  t o  s m a l l e r  
p a r t i c l e s  r e l a t i v e l y  easy. Such e x t r a p o l a t i o n s  have been made 
i n  t h e  p a s t ,  wi th  t h e  m o s t  commonly used ones be ing  those  of 
Grimminger [32]  and Whipple [33].  

Even t h e  e a r l i e s t  of t h e  rocke t s  i n  t h e  OSU series [14] 
gave i n f l u x  r a t e s  s e v e r a l  o r d e r s  of magnitude higher  than  
was expected on t h e  b a s i s  of t h e  e x t r a p o l a t i o n s  of meteor 
d a t a .  Meanwhile, t h e  observa t ion  of c o a s t i n g  i n  t h e  t r a i n  
of a double s t a t i o n  photographic meteor l e d  t o  t h e  hypothesis  
of a very  l o w  va lue  of mass d e n s i t y  (pm = 0.05 g m  c m  
meteoroids [34]. Whipple [35]  (us ing  t h i s  l o w  va lue  of mass 
d e n s i t y  toge ther  w i th  t h e  corresponding change i n  t h e  mass t o  
magnituhe r e l a t i o n s h i p ,  t h e  i n f l u x  r a t e s  r epor t ed  by Millman 

-3 ) f o r  

and Burland [36] ,  and an average speed of 28 km sec-' f o r  t h e  
meteoroids) proposed a cons t an t  mass per  magnitude e x t r a p o l a t i o n .  
This  new d i s t r i b u t i o n ,  showing much higher  i n f l u x  r a t e s  than  
shown by the  Watson d i s t r i b u t i o n  f o r  p a r t i c l e s  of a given mass, 
d i d  not agree wi th  t h e  e a r l y  d i r e c t  measurements. 

The r e s u l t s  of Millman and Burland [36] and of Hawkins and 
Upton [37] showed t h a t  t h e  cons t an t  mass per  magnitude r e l a t i o n -  
s h i p  was not v a l i d ,  even f o r  t h e  meteoroids.  I f  t h e  d i s t r i b u t i o n  
curve given by Hawkins and Upton had been e x t r a p o l a t e d  i n t o  
t h e  d i r e c t  measurements range of p a r t i c l e  mass, i t  would have 
shown some degree of c o m p a t i b i l i t y  w i th  t h e  e a r l y  r e s u l t s  from 
t h e  OSU rockets .  Such an e x t r a p o l a t i o n  was n o t  i n  agreement 
wi th  t h e  d i r ec t  measurements t h a t  were a v a i l a b l e  from t h e  e a r l y  
s a t e l l i t e s  [38,39]. 
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I t  was on t h e  b a s i s  of t h i s  e a r l y  evidence f o r  disagreement 

between t h e  direct  measurements and t h e  e x t r a p o l a t e d  meteor 
r e s u l t s  t h a t  McCracken and Alexander f i r s t  suggested t h a t  a 
cons t an t  mass per magnitude law d i d  not apply i n  t h e  d i r e c t  
measurements range of p a r t i c l e  mass [14].  The direct  measure- 
men t s  a v a i l a b l e  a t  t h a t  t i m e  were n o t  s u f f i c i e n t  t o  confirm 
t h i s  hypothes is ,  nor  d id  s u f f i c i e n t  d a t a  become a v a i l a b l e  u n t i l  
t h e  r e s u l t s  from Explorer  V I 1 1  were obta ined .  Ac tua l ly ,  t w o  
i n t e r p r e t a t i o n s  of t h e  d i rec t  measurements w e r e  poss ib le .  
They w e r e :  (1) t h e  mass d i s t r i b u t i o n  curve obta ined  from t h e  
d i r e c t  measurements departed s i g n i f i c a n t l y  from those  obta ined  
by e x t r a p o l a t i n g  r e s u l t s  from meteor obse rva t ions ,  o r  (2) t h e  
direct  measurements w e r e  i n d i c a t i n g  the  presence of a geocen t r i c  

concen t r a t ion  of dus t  p a r t i c l e s .  Although the  first i n t e r -  
p r e t a t i o n  seemed t o  be i n  b e t t e r  agreement w i t h  the  e a r l y  d a t a ,  
q u a n t i t a t i v e  arguments f o r  i ts v a l i d i t y  w e r e  not  p o s s i b l e  u n t i l  
t h e  d a t a  sample was obta ined  w i t h  the  microphone s y s t e m  on 
Explorer  V I  I I. 

A segmented approximation t o  the  cumulat ive mass 
d i s t r i b u t i o n  curve (Figure 2) is shown, t o g e t h e r  w i t h  s e v e r a l  
model d i s t r i b u t i o n s  and obse rva t iona l  r e s u l t s  from t h e  s t u d i e s  
of meteors ,  i n  F igure  4. The cumulative i n f l u x  r a t e s  ob ta ined  
by t h e  va r ious  obse rva t iona l  methods a r e  p l o t t e d  a s  a func t ion  
of p a r t i c l e  mass o r  v i s u a l  magnitude, w i t h  the  approximate 
r a d i a t i o n  p res su re  l i m i t s  f o r  selected va lues  of mass d e n s i t y  
be ing  given a s  an a u x i l l a r y  absc i s sa .  

Visua l  magnitude has been in t roduced  a s  an a b s c i s s a  
because the  r e s u l t s  from meteor obse rva t ions  can be placed 
on a mass d i s t r i b u t i o n  curve only w i t h i n  t h e  l i m i t s  set  by 
t h e  u n c e r t a i n t y  ($200) i n  t h e  mass t o  magnitude r e l a t i o n s h i p .  
Visua l  magnitude is r e l a t e d  t o  p a r t i c l e  mass i n  Figure 4 by 

assuming t h a t  t h e  luminosi ty  of meteors  w i t h  a given v e l o c i t y  
depends l i n e a r l y  on t h e  mass of t h e  meteoroid and t h a t  a 
meteoroid w i t h  a mass of 25 gm and a speed of 28 $n sec 
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w i l l  produce a meteor of zero v i s u a l  magnitude [35]. U s e  of 
a mass dens i ty  g r e a t e r  than  t h e  va lue  of 0.05 gm cm-3 used by 
Whipple [35] s h i f t s  t h e  i n f l u x  r a t e  f o r  meteoroids of a given 
mass toward a lower value.  

The d i s t r i b u t i o n  curves f o r  meteors given by Whipple [35], 
McKinley [40],  and Hawkins and Upton [37]  a r e  shown i n  F igure  
4 wi th  i n f l u x  r a t e  p l o t t e d  a s  a func t ion  of v i s u a l  magnitude. 
A mass d i s t r i b u t i o n  given by Hawkins [41]  f o r  a s t e r o i d s  and 
f i r e b a l l s  is a l s o  included. The d i s t r i b u t i o n  given by Watson 
[31]  is p l o t t e d  i n  t e r m s  of p a r t i c l e  mass i n  order t h a t  t h e  
d i f f e r e n c e  between t h e  Watson and Whipple d i s t r i b u t i o n s  can 
be used t o  i l l u s t r a t e  t h e  u n c e r t a i n t y  i n  t h e  i n f l u x  r a t e  of 
meteoroids of a given mass r e s u l t i n g  from t h e  poorly known 
mass t o  magnitude r e l a t i o n s h i p  f o r  meteors. The direct  
measurements a r e  not  a f f e c t e d  by t h i s  unce r t a in ty .  The 
u n c e r t a i n t i e s  encountered i n  p l ac ing  t h e  d i r e c t  measurements 
on a cumulative mass d i s t r i b u t i o n  curve a r e  about t w o  o r d e r s  
of magnitude sma l l e r  than  f o r  meteoroids.  

As i s  shown i n  F igure  4 ,  t h e  mass d i s t r i b u t i o n  curve 
obta ined  from t h e  d i r e c t  measurements d e p a r t s  markedly from 
those  obtained b y  e x t r a p o l a t i n g  r e s u l t s  from meteor observa t ions .  
I t  is evident  t h a t  t h e  cons tan t  mass per  magnitude r e l a t i o n s h i p  
does not  hold f o r  dus t  p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  e a r t h .  
There is l i t t l e  evidence t h a t  t h e  r e l a t i o n s h i p  holds  f o r  more 
than  a few magnitudes wi th in  any range of p a r t i c l e  mass, 
except  poss ib ly  f o r  f i r e b a l l s  and a s t e r o i d s  [41].  Therefore ,  
t h e r e  are no p a r t i c u l a r  reasons f o r  t r y i n g  t o  f o r c e  t h e  d i r e c t  
measurements t o  f i t  a cons t an t  mass per  magnitude curve.  

The mass d i s t r i b u t i o n  of sma l l  dus t  p a r t i c l e s  w a s  not 
known before  t h e  d a t a  was obta ined  wi th  Explorer  V I I I .  Severa l  
ana lyses  (using bes t  guesses ,  such a s  a cons t an t  mass per  
magnitude relat ionship) ,  f o r  t h e  d i s t r i b u t i o n  curve of t h e  
direct  measurements led  t o  t h e  conclusion t h a t  t h e  direct  
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measurements confirmed t h e  ex i s t ence  of a geocen t r i c  
concen t r a t ion  of d u s t  p a r t i c l e s .  The r e s u l t s  from Explorer  VI11 
and the  good agreement Qf a l l  t he  other d i r e c t  measurements w i th  
the  Explorer  VI11 d a t a  show t h a t  t h e s e  ana lyses  a r e  i n c o r r e c t ,  
because t h e  measured mass d i s t r i b u t i o n  curve d i f f e r s  s i g n i -  
f i c a n t l y  from those assumed i n  t h e  analyses .  

i l l u s t r a t e d  m o r e  c l e a r l y  by de r iv ing  the  incremental  mass 
d i s t r i b u t f o n  curve shown i n  Figure 5. The incrementa l  mass 
d i s t r i b u t i o n  has been smoothed t o  remove t h e  e f f e c t s  of u s ing  
t h e  segmented cumulative mass d i s t r i b u t i o n  shown i n  Figure 4 

a s  a b a s i s  f o r  d e r i v i n g  t h e  incremental  d i s t r i b u t i o n ,  The 

Some of t h e  more s u b t l e  po in ts  shown i n  Figure 4 can be 
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r a t e  by the  e a r t h  of dus t  p a r t i c l e s  o r  meteoroids i n  a given 
mass range a s  a func t ion  of p a r t i c l e  mass o r  v i s u a l  magnitude. 

The most important conclusion t h a t  can be reached on t h e  
b a s i s  of t h e  d i s t r i b u t i o n  curve shown i n  Figure 5 is t h a t  t h e  
a c c r e t i o n  of i n t e r p l a n e t a r y  m a t e r i a l  by  the  e a r t h  is dominated 
by t h e  sma l l  dus t  p a r t i c l e s .  The i n t e g r a t e d  a c c r e t i o n  r a t e  
amounts t o  about 1 X 10 t o n s  per day on t h e  e a r t h .  4 

I t  must be r e a l i z e d  t h a t  i n  bo th  Figure 4 and Figure 5, 
the  d i s t r i b u t i o n  curves f o r  p a r t i c l e s  w i t h  masses less than  
about 10-l' gm a r e  more unce r t a in  than  the  segments of t h e  

curves  de r ived  from microphone r e s u l t s .  Dust p a r t i c l e s  w i th  
masses less than  about lom9 gm a r e  s u b j e c t  t o  t h e  p e r t u r b a t i v e  
e f f e c t s  of r a d i a t i o n  pressure .  The shape of t h e  d i s t r i b u t i o n  
curves  i n  t h e  submicron range of p a r t i c l e  s i z e  depends c r i t i c a l l y  
on t h e  l o c a t i o n s  of the sources ,  on t h e  d i s t r i b u t i o n  of o r b i t s ,  
and on the  mass d e n s i t i e s  of t h e  dus t  p a r t i c l e s ,  

Gal lagher  and Eshleman [42]  have found t h a t  t h e  i n f l u x  
r a t e s  of f a i n t  r a d a r  meteors show l a r g e  f l u c t u a t i o n s  w i t h  t i m e .  
The observed grouping of r a d i a n t s  sugges t s  t h a t  t h e  f a i n t  r a d a r  
meteors a r e  members of "sporadic showers" r a t h e r  t han  d i spe r sed  
members of major meteor s t reams,  Large f l u c t u a t i o n s  i n  t h e  
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i n f l u x  r a t e  a l s o  seem t o  be t h e  r u l e  r a t h e r  t h a n  t h e  excep t ion  
i n  t h e  case of direct  measurements. Dubin [ 7 , 8 ]  has  r e p o r t e d  
on t h e  l a rge  f l u c t u a t i o n s  observed w i t h  Explorer  I .  Large 
f l u c t u a t i o n s  i n  t h e  i n f l u x  r a t e  have a l s o  been r e p o r t e d  f o r  
Vanguard P I 1  [43,44] and f o r  Sputn ik  I11 [16 ,18 ] ,  a l though 
t h e r e  is s t i l l  some ques t ion  about t h e  l a t t e r  oaw. The 
f l u c t u a t i o n s  i n  i n f l u x  r a t e  observed on Vanguard I11 and 
Explorer  V I 1 1  a r e  p r e s e n t l y  under a n a l y s i s .  I t  appea r s ,  on 
t h e  b a s i s  of bo th  t h e  d i r ec t  measurements and t h e  d a t a  f o r  
f a i n t  r ada r  meteors, t h a t  t h e  d u s t  p a r t i c l e s  a r e  not  n e a r l y  
so  uniformly d i s t r i b u t e d  a s  a r e  t h e  s p o r a d i c  meteoroids .  

The i n t e r p l a n e t a r y  d u s t  p a r t i c l e  event  detected by 
Explorer  I on 2-3 February and shown i n  F igure  6 may be 
evidence of a "sporadic  shower" of sma l l  d u s t  p a r t i c l e s ,  s i n c e  
i t  b e a r s  no r e l a t i o n s h i p  t o  a known meteor shower. The 
l a r g e  i n c r e a s e s  i n  i n f l u x  r a t e  t h a t  occur red  du r ing  t h e  16-18 
November i n t e r p l a n e t a r y  dus t  p a r t i c l e  event  observed w i t h  
Vanguard I11 a r e  shown i n  F igure  7. The co inc idence  i n  t i m e  
w i th  t h e  Leonid meteor shower s u g g e s t s  t h a t  l a r g e  numbers of  
sma l l  dus t  p a r t i c l e s  a r e  be ing  genera ted  i n  t h e  Leonid meteor 
stream. The microphone s y s t e m  was almost o m n i d i r e c t i o n a l ,  s o  
i t  is not  p o s s i b l e  t o  e s t a b l i s h  t h e  r a d i a n t s  of t h e s e  d u s t  
p a r t i c l e s .  I f  t h e  p a r t i c l e s  d i d  belong t h e  t h e  Leonid s t r eam,  
t h e  d i f f i c u l t y  encountered i n  keeping such  d u s t  p a r t i c l e s  i n  
t h e  stream f o r  o n e  o r b i t a l  pe r iod  would r e q u i r e  t h e  s m a l l  
p a r t i c l e s  t o  have been observed soon a f t e r  be ing  r e l e a s e d  
from l a r g e r  meteoroids  t h a t  were approaching p e r i h e l i o n  passage. 

Eshleman [45] has r epor t ed  t h a t  t h e  i n f l u x  r a t e s  of t h e  
f a i n t  radar  meteors seem t o  i n c r e a s e  r a t h e r  t h a n  dec rease  a s  
t h e  l i m i t i n g  s e n s i t i v i t y  of t h e  equipment &si: approached. Th i s  
i n c r e a s e  i n  i n f l u x  r a t e  may be evidence t h a t s t h e  d i s t r i b u t i o n  
curve obta ined  from t h e  direct  measurements can be e x t r a p o l a t e d  
t o  j o i n  onto a d i s t r i b u t i o n  curve  f o r  meteoroids  a t  about Mv = 15 

(See Figure 4 o r  5). 
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COMPARISON OF DIRECT MEASUREMENTS WITH RESULTS FROM OBSERVATIONS 
OF THE ZODIACAL LIGHT AND SOLAR CORONA 

Photometric obse rva t ions  of the z o d i a c a l  l i g h t  and t h e  

s o l a r  corona have y i e lded  a cons iderable  amount of information 
about t h e  m a t e r i a l  i n  t h e  zod iaca l  c loud  t h a t  surrounds t h e  
sun. The r e s u l t s  ob ta ined  b y  ana lyz ing  the  obse rva t ions  a r e  
g e n e r a l l y  expressed i n  terms of t h e  s p a t i a l  d e n s i t i e s  and 
v a r i a t i o n s  i n  s p a t i a l  d e n s i t y  of e l e c t r o n s  and dus t  p a r t i c l e s  
wi th  d i s t a n c e  from the sun. Incremental  s ize  d i s t r i b u t i o n s  
f o r  t h e  dus t  p a r t i c l e s  a r e  a l s o  obta ined  i n  an a n a l y s i s .  

D i r e c t  measurements of the  s p a t i a l  d e n s i t y ,  mass 
d i s t r i b u t i o n ,  and selected phys ica l  parameters of i n t e r p l a n e t a r y  
u w c  / l a * - +  nm-tieles A A C L V G  -n+ A A U b  r rn+ J G b  l-+m-- UGCU obtaffied for regforrs of space 

removed from t h e  earth-moon sys t em.  The s p a t i a l  d e n s i t i e s  
and s ize  d i s t r i b u t i o n s  of dus t  p a r t i c l e s  i n f e r r e d  from photo- 
m e t r i c  s t u d i e s  of t h e  zod iaca l  l i g h t  and s o l a r  corona p r e s e n t l y  
r e p r e s e n t  t h e  on ly  a v a i l a b l e  information about sma l l  d u s t  
p a r t i c l e s  i n  t h e  z o d i a c a l  cloud, 

Comparisons between t h e  direct  measurements and t h e  

r e s u l t s  from obse rva t ions  of t h e  z o d i a c a l  l i g h t  and t h e  
s o l a r  corona r ep resen t  t h e  o n l y  means of determining whether 

t h e  a v a i l a b l e  direct  measurements ob ta ined  near  the  e a r t h  a r e  
a l s o  c h a r a c t e r i s t i c  of i n t e r p l a n e t a r y  space.  Dubin and 
McCracken [46] have compared t h e  direct measurements wi th  t h e  
r e s u l t s  ob ta ined  i n  i n v e s t i g a t i o n s  of the z o d i a c a l  l i g h t  and 
s o l a r  corona by van de Hulst  [47], Allen [48] ,  E l s a s s e r  [49] ,  and 
Ingham and Blackwell [50]. It was found t h a t  i f  t h e  r e s u l t s  
ob ta ined  by Ingham and Blackwell w e r e  t aken  a s  r e p r e s e n t a t i v e  
of i n t e r p l a n e t a r y  space ,  a s p a t i a l  d e n s i t y  near  the  .ear th  a t  
l e a s t  three orders of magnitude h ighe r  t han  f o r  i n t e r p l a n e t a r y  
space must be in t roduced  i n  order  t o  remove t h e  discrepancy.  
There is such a l ack  of agreement among t h e  r e s u l t s  f r o m  the  

va r ious  i n v e s t i g a t i o n s  of the photometric obse rva t ions  t h a t  
t he  comparisons of r e s u l t s  ob ta ined  by the t w o  obse rva t iona l  
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techniques are, at most, of a qualitative nature. 
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CONCLUSIONS 
The direct measurements obtained wi th  t h e  microphone 

s y s t e m  on Explorer  VI11 have provided a b a s i s  f o r  ana lyz ing  
a l l  t h e  a v a i l a b l e  d i r e c t  measurements of i n t e r p l a n e t a r y  dus t  
p a r t i c l e s .  An average cumulative mass d i s t r i b u t i o n  curve ,  
s u b j e c t  on ly  t o  very  m i n o r  u n c e r t a i n t i e s ,  has been e s t a b l i s h e d  
f o r  d u s t  p a r t i c l e s  i n  t h e  v i c i n i t y  of t h e  e a r t h .  Th i s  average 
d i s t r i b u t i o n  is v a l i d ,  w i t h i n  an order of magnitude or  less,  - 13 
f o r  p a r t i c l e s  w i t h  masses between gm and 10 gro. 
The i r r e g u l a r  shape of the d i s t r i b u t i o n  curve prec ludes  t h e  
p o s s i b i l i t y  of w r i t i n g  its equat ion i n  a s imple a n a l y t i c a l  
form. 

rnl- - ~ r l e  iiiass d i s t r i b u t i o n  curve obta ined  from the direct 
measurements d i f f e r s  markedly from those  expected on t h e  b a s i s  
of e x t r a p o l a t i o n s  of r e s u l t s  from meteor observa t ions .  As a 
consequence of t h i s  d i f f e r e n c e ,  the  a c c r e t i o n  of i n t e r p l a n e t a r y  
ma t t e r  by t h e  e a r t h  may be s a i d  t o  be dominated by sma l l  dus t  
p a r t i c l e s  w i t h  masses less  than about gm. A conse rva t ive  
e s t i m a t e  of t he  a c c r e t i o n  r a t e  is lo4 t o n s  per  day on the  e a r t h .  

The i n f l u x  r a t e s  ob ta ined  from the  direct measurements 
undergo l a r g e  f l u c t u a t i o n s  and, i n  one c a s e ,  show a c o r r e l a t i o n  
i n  t i m e  wi th  a major meteor shower. These f l u c t u a t i o n s  
sugges t  t h a t  the  dus t  p a r t i c l e s  a r e  not  predominantly i n  
long-l ived o r b i t s  about t h e  e a r t h .  

Comparisons of t h e  direct  measurements f o r  t h e  v i c i n i t y  
of t h e  e a r t h  w i t h  t h e  s p a t i a l  d e n s i t i e s  of dus t  p a r t i c l e s  
i n f e r r e d  f r o m  photometric s t u d i e s  of the z o d i a c a l  l i g h t  and 
t h e  s o l a r  corona for  i n t e r p l a n e t a r y  space  show d i sc repanc ie s .  
These d i sc repanc ie s  may be a s  l a r g e  a s  l o 4 ;  however, such 
comparisons a r e  unce r t a in  because of the  l a r g e  d i s c r e p a n c i e s  
among t h e  .photometric da ta .  

The a v a i l a b l e  direct  measurements a r e  not  s u f f i c i e n t  t o  
d e f i n e  either an average geocent r ic  speed o r  an average mass 
dens i ty .  The direct  measurements encompass a range of p a r t i c l e  
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mass t h a t  extends w e l l  pa s t  t h e  r a d i a t i o n  p res su re  l i m i t s  f o r  
p a r t i c l e s  i n  h e l i o c e n t r i c  o r b i t s  w i t h  mass d e n s i t i e s  of 0.05 
gm c m  Mass d e n s i t i e s  of approximately 1 gm cm-3 seem more 
reasonable  for  t h e  direct  measurements range of p a r t i c l e  s ize .  
I n  view of t h e  u n c e r t a i n t i e s  concerning t h e  probable o r i g i n  
(or o r i g i n s )  of p a r t i c l e s ,  t h e  d i s t r i b u t i o n  of o r b i t s ,  and t h e  
mass d e n s i t i e s  of dus t  p a r t i c l e s  of micron-size,  i t  does n o t  
seem w i s e  t o  e x t r a p o l a t e  r e s u l t s  from t h e  meteoro ida l  range 
of p a r t i c l e  s i ze  o u t  t o  t he  s m a l l e r  s i z e s  of dus t  p a r t i c l e s .  

The var ious depa r tu re s  revea led  i n  t h i s  a n a l y s i s  of t h e  
d i rec t  measurements from what has been expected on t h e  b a s i s  
of o t h e r  methods of obse rva t ion  demonstrate t h e  f e a s i b i l i t y  
of us ing  the  d i r e c t  measurements technique t o  s tudy  m a t e r i a l  
i n  t h e  zodiaca l  cloud. Appropriate direct  measurements w i l l  
s e r v e  t o  answer m o s t  of t h e  ques t ions  t h a t  have been l e f t  
unanswered i n  t h i s  a n a l y s i s  and r ep resen t  an important means 
of determining t h e  predominant source of t h e  d u s t  p a r t i c l e s  
t h a t  a r e  observed i n  t h e  v i c i n i t y  of t h e  e a r t h .  

-3 . 
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with microphone and photomultiplier systems 
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